INTRODUCTION
temperatures between 4 and 12°C has been shown to affect pH and color properties (Froning et al., 1978; Babji et al., 1982; Holm and Fletcher, 1997; Bianchi et al., 2006) . The effects of environmental temperature on meat tenderness have varied depending on temperature and duration of exposure (Holm and Fletcher, 1997) .
Struggling of broilers perimortem has been shown to deplete the amount of glycogen and adenosine-5-triphosphate (ATP) present in breast muscle (Grey et al., 1974) , and the amount of muscle glycogen present at death has been reported to be negatively correlated with ultimate pH (pH u ). Free struggle during shackling has been shown to lower initial pH (Papinaho et al., 1995) and increase redness and shear values compared with control birds (Froning et al., 1978; Ngoka et al., 1982) .
The effect of bird age at slaughter on meat quality has not been well established for modern birds at current commercial slaughter ages. Froning et al. (1968) observed a darkening of turkey meat as processing age increased from 14 to 28 wk, whereas Ngoka et al. (1982) did not observe any age-related differences between 16 and 20 wk. Smith et al. (2002) observed no bird age effects on broiler pectoralis major (referred to as p. major) color between 42 and 52 d of age. Meat tenderness tends to decrease as birds age (Poole et al., 1999) .
When reported on a monthly basis, average daily temperatures in Western Canada are typically less than 11°C between September and May (Environment Canada, 2010) . Extreme temperatures have ranged from −45°C to 40°C throughout the year. The effects of cool temperatures on broiler meat quality are less understood than the effects of heat stress. Because broilers are marketed throughout the year in Western Canada, the main objective of the current study was to measure the effects of cool (7°C), thermoneutral (21°C), and heat (30°C) temperatures during a preprocessing feed withdrawal period on p. major color and functional properties. Preslaughter handling, bird age and sex, and their effects on broiler meat quality have not been widely reported. Therefore, an additional objective of this study was to measure the effects of preslaughter handling, bird age and sex, and their interactions on p. major color and functional properties.
MATERIALS AND METHODS

Stocks and Housing
All experimental protocols were approved by an Institutional Animal Care and Use Committee and met the guidelines of the Canadian Council on Animal Care (1993) . A total of 550 Ross 308 mixed-sex broilers obtained from a local hatchery were raised in 8 floor pens on standard commercial broiler diets. Each pen contained 66 birds; stocking density at the beginning of the experiment was 9.57 birds/m 2 and decreased to 2.32 birds/m 2 as birds were removed for sampling. All birds were tagged with wing bands (National Band and Tag, Newport, KY) at 21 d.
Holding Temperature Treatments
At each of 5 ages (28, 35, 42, 49, and 56 d) , 96 broilers were subjected to a 10-h feed withdrawal period at one of 3 target holding temperatures: 30°C (heat), 21°C (thermoneutral) or 7°C (cool). At 28 and 35 d of age, 8 birds were placed per crate; at 42, 49, and 56 d of age, 4 birds were placed per crate to maintain stocking density at relatively constant rates. Microclimate temperatures inside individual crates, on the surface of the crates, and at points within the environment chamber were recorded using Microlog temperature loggers (Fourier Systems, Fairfield, CT) . Outdoor ambient temperature during the feed withdrawal period was obtained from the on-site Environment Canada weather station (Environment Canada, Gatineau, Quebec, Canada) .
Shackling Treatments
After the feed withdrawal period, the crates were transported to the processing plant where birds were shackled for either 120 s before stunning (long), or <10 s (short) before stunning. Flapping was induced in the long treatment by lifting each bird from an inverted position on the shackles to a straightened position (whereby the head of the bird was over the legs) after which the bird was subsequently returned to an inverted position; this process was repeated approximately 30 times over the 120-s shackling period. Birds in the short treatment were handled in a manner that eliminated flapping.
Processing and Sample Preparation
Birds were electrically stunned (120 V, 60 Hz) and exsanguinated via a ventral neck cut. Carcasses were bled for 120 s, scalded for 45 s at 63°C, and mechanically defeathered and eviscerated. Sex was determined during evisceration. Carcasses were deboned after chilling to an internal temperature of 4°C as required by hazard analysis and critical control points protocols. The average time required to chill carcasses to 4°C after slaughter increased with age as a result of increasing carcass size. Once 4°C was reached, the entire group was randomly deboned. Eviscerated carcass and p. major weights were recorded at deboning to assess whether these measures had any effect on the meat quality indicators tested.
Color. A Minolta CR-400 (Konica Minolta Sensing Americas Inc., Ramsey, NJ) colorimeter (aperture size: 8 mm; light source: illuminant D65) was used to assess the color [CIE; lightness, redness, and yellowness] of p. major muscle. Color was measured at deboning and at 24 h PM on the cranial medial surface (bone side) of individual p. major fillets in an area free from obvious color defects (bruises, blood spots, or surface discolorations). Three readings per fillet were taken and the average reading was recorded. Hue angle [tan −1 (b/a)] measured the degree of departure from the true red axis of the CIE color space; increasing hue angle indicates a decrease in visually perceived redness (Brewer et al., 2006) . Chroma [(a 2 + b 2 ) 1/2 ] refers to the brightness or colorfulness of an object (Fairchild, 2004) .
Ultimate pH. Ultimate pH was measured via direct insertion of a Hanna Instruments electrode (Hanna Instruments, Woonsocket, RI) into each fillet at 24 h PM. An incision 0.5 to 1 cm deep was made to allow insertion of the electrode. Equipment malfunctions resulted in loss of pH data at 28 and 35 d. The pH u was selected as the appropriate pH measurement for this study because breast meat characteristics of broilers have been found to be mainly influenced by pH u (Berri et al., 2005) .
Drip and Cooking Loss. At deboning, a core sample (25 × 50 mm) was excised from the cranial end of the p. major fillet and an initial weight was recorded. The sample was suspended on cheese cloth at 4°C in a sealed plastic container and reweighed at 48 h PM. Drip loss is expressed as a percentage of the initial weight of the sample. Cooking loss was evaluated at 48 h PM by cooking at 163°C in a convection oven until an internal temperature of 80°C was reached (Digi-Sense RK-92000 Bench-top 115V, Cole Parmer Instrument Co., Montreal, Quebec, Canada). The samples were cooled to room temperature and reweighed to determine cooking loss (expressed as a percentage of initial weight of the core sample).
Allo-Kramer Shear Determination. Following cooking loss determination at 48 h PM, Allo-Kramer (A-K) shear values were measured using an Instron Universal Testing Machine (model 4411, Instron Corp., Canton, MA) equipped with an A-K cell. After cooking loss determination, samples were placed with the blades at a right angle to the muscle fibers using a 200-kg load cell and cross head speed of 100 mm/min. Allo-Kramer shear values are reported as kilograms of force per gram of sample.
Protein Solubility. As a gauge of protein denaturation, total and sarcoplasmic protein solubility were measured according to the method described by Van Laack et al. (2000) . To determine sarcoplasmic protein solubility, 2 g of ground p. major was homogenized with 20 mL of 0.03 M K 3 PO 4 (pH 7.4). Total protein solubility was determined by homogenizing 1 g of ground p. major with 20 mL of 0.05 M K 3 PO 4 and 0.55 M KI (pH 7.4). Both sarcoplasmic and total protein solubility homogenates were stored overnight at 4 ± 4°C and filtered through Whatman no. 1 filter paper (Whatman, Kent, UK). Following protein extraction, samples were stored at −20°C for 6 mo before protein determination using the Biuret procedure (Gornall et al., 1949) using BSA as the standard. Sarcoplasmic protein samples from d 49 were lost as the result of a storage issue. where Y ijklm = variable measured for the mth bird; μ = overall mean; T i = effect of the ith temperature; C i = effect of the ith crate within temperature, temperature error component; Sh j = effect of the jth shackling treatment; ShT ij = interaction between shackling and temperature; C (ij) = shackling error component; S k = effect of the kth sex; ST ik = interaction between sex and temperature; SSh jk = interaction between sex and shackling; A l = effect of lth age; AT il = interaction between age and temperature; ASh jl = interaction between age and shackling; AS kl = interaction between age and sex; and ε ijklm = split-plot error component.
Statistical Analysis
Cooling carcasses to 4°C before deboning increased the mean time between slaughter and deboning color measurement from 4 h 33 min at 28 d to 8 h 18 min at 56 d. Because meat color values change rapidly between 0 and 12 h PM (Petracci and Fletcher, 2002) , the time between slaughter and the deboning color measurement was used as a covariate. Means were separated using pairwise tests, and differences between treatment means were reported at P ≤ 0.05. The SEM for the group with the least number of birds was reported. Pearson correlation coefficients were calculated using the Corr procedure of SAS (SAS Institute Inc., 2008).
RESULTS AND DISCUSSION
Holding Temperature
Average crate, room, and outdoor temperatures are summarized in Table 1 . Holding temperature during feed withdrawal affected lightness at deboning; meat from the heat and thermoneutral groups was lighter than that from the cool group (53.77 and 54.32 vs. 53.21, respectively; Table 2 ). The pH u was highest (P = 0.001) in the cool treatment, with no differences observed between the heat and thermoneutral groups (5.97 vs. 5.87 and 5.90, respectively; Table 3 ). Drip loss was lowest (P = 0.010) in the cool treatment, with no differences observed between the heat and thermoneutral treatments (2.06 vs. 2.24 and 2.19%, respectively; Table 3 ). Swine exposed to cold temperatures have been shown to have decreased glycolytic potential (Hocquette et al., 1998) . Thermogenesis has an energy cost as ATP metabolism is upregulated to increase heat production (Silva, 2006) . Birds exposed to cool temperatures in the present study likely had decreased ATP available PM, resulting in higher pH u and reduced drip loss. A significant negative correlation between pH u and drip loss was observed (r = −0.47, P < 0.0001; Table  4 ), which supports this conclusion. Although reduced drip loss may result from a higher pH u , a high pH has also been associated with higher bacterial growth and subsequent shorter shelf life (Allen et al., 1997) . It is not clear whether differences in pH in the current study were sufficient to affect bacterial growth in this way.
Allo-Kramer shear values observed in the heat treatment were higher (P = 0.033) than those observed in both the thermoneutral and cool samples, which were Table 3 ). Similar effects on p. major tenderness after exposure to high temperatures have been reported Petracci et al., 2001 ). However, Debut et al. (2003) did not observe any effects of short-term (2 h) heat stress on p. major quality. Betti et al. (2009) reported higher A-K shear values when pH u was below 5.72; tenderness differences were attributed to decreases in water-holding capacity (WHC) associated with low pH u . Similarly, the heat treatment in the present study resulted in low pH u and increased drip losses and high A-K shear values. Cook loss and A-K shear values in the present experiment were positively correlated (r = 0.44, P < 0.0001; Table  4 ) which is consistent with the theory that moisture losses during cooking negatively affect meat tenderness (Betti et al., 2009 ). Regardless, A-K shear values less than 6.0 kg/g have been previously correlated with "very tender" to "moderately tender" sensory panel scores (Lyon and Lyon, 1990) . The A-K shear values in the present study were all below 6.0 kg/g; therefore, exposure to temperatures less than 30°C should not affect consumer perception of meat tenderness.
It was surprising that the heat treatment had limited affect on meat quality. The 30°C temperatures may not have been high enough to elicit higher incidence of PSE meat similar to that observed by Wang et al. (2009) in birds exposed to 40°C for 1 to 5 h. Mitchell and Kettlewell (1998) demonstrated that heat stress increased physiological stress responses. Although meat quality was not drastically altered, heat stress should be minimized to improve bird welfare during transport and lairage.
Shackling Duration
Overall, the long duration resulted in higher redness values at deboning (P < 0.0001) and 24 h PM (P = 0.0003) than the short duration (3.31 vs. 2.62 and 2.95 vs. 2.49, respectively; Table 2 ). However, an interaction between shackling duration and age was observed for redness values at deboning (P = 0.012) and 24 h PM (P = 0.001). With the exception of 49 d, broilers subjected to the long shackling treatment had higher p. major redness values at deboning (Table 5) ; by 24 h PM only the 28-d broilers subjected to the long duration had higher redness values. Others have observed meat color changes in birds that struggled freely on the shackling line (Froning et al., 1978; Kannan et al., 1997) . In a study designed to simulate acute antemortem (AM) stress, epinephrine injections resulted in darker meat because of higher pH u and increased hemoglobin concentrations (Walker and Fletcher, 1993) . Fletcher and Buhr (2005) observed that flapping resulted in more red pectoralis minor (referred to as p. minor) muscles, but did not observe consistent results with p. major fillets. Wilkins et al. (2000) reported that extreme color differences within tray packs of boneless breast meat were less acceptable to consumers. Kannan et al. (1997) theorized that color differences resulting from shackling duration likely would not have commercial significance. The present study supports a similar conclusion given Carcasses were deboned after chilling to an internal temperature of 4°C as required by hazard analysis and critical control points protocols. The mean time between slaughter and chilling to 4°C increased with age from 3 h 47 min at 28 d to 7 h 52 min at 56 d. *P < 0.05; **P < 0.01. that the differences in absolute redness values, although statistically significant, may not be extreme enough to be perceived by consumers. Furthermore, an increase in hue angles in both the long and short groups between deboning and 24 h PM (57.46 to 63.31 and 65.58 to 68.48, respectively; Table  2 ) indicate a decrease in perceived redness over time. The increase in redness values in the long treatment in the present study may have been attributable to an increase in total heme pigments, which can be increased by stress before slaughter (Walker and Fletcher, 1993) .
Interestingly, short shackling resulted in higher (P = 0.002) A-K shear values than long shackling (4.61 vs. 4.08 kg/g, respectively; Table 3 ). Kannan et al. (1997) subjected broilers to 0, 2, or 4 min of shackling and observed that shackling for 2 or 4 min resulted in lower A-K shear values than shackling for 0 min; however, the differences were not significant. Vigorous flapping immediately AM may have increased tenderness via accelerated release of calcium ions into the sarcoplasmic reticulum, thereby increasing the activity of the calpain proteolytic system (Lee et al., 2008) . Vigorous flapping has been associated with more rapid pH decrease in the first few minutes PM in turkeys, but this was not found to lead to detectable differences in meat quality (Sante et al., 2000) . In commercial high-yield broilers, increased flapping associated with a 2-min compared with a 10-s shackling time has been reported to result in a higher pH u , although there was minimal effect on breast meat quality traits (Berri et al., 2005) . These researchers found the breast meat quality of the heavy line broiler strain in their strain comparison to be relatively insensitive to the 2-min shackling following exposure to control or 35°C temperatures for 3.5 h compared with that of a slower growing broiler strain. Most studies examine meat quality traits only in the p. major muscle, which may miss some of the potential experimental effects. For example, Fletcher and Buhr (2005) examined the effects of AM flapping in both the p. major and p. minor muscles and noted that wing flapping may have a comparatively greater negative effect on the p. minor.
In the current study, an interaction between shackling duration and age (P = 0.001) indicates that shackling has an inconsistent effect on meat tenderness as bird age increases (Table 5) . At 28, 49, and 56 d, no differences were found in A-K shear values between long and short shackling treatments; at 35 and 42 d the short-shackled birds were tougher compared with longshackled birds (Table 5) . At all ages, A-K shear values in the long and short groups were under the threshold that consumers would perceive as tender (Lyon and Lyon, 1990) . Shackling durations of greater than 60 s have increased stress responses in broilers (Bedanova et al., 2007) and should be avoided when possible to improve bird welfare. However, if meat tenderness were negatively affected by shorter shackling durations, the effects could be mitigated by electrical stimulation PM (Zocchi and Sams, 1999) .
Sex of Bird
Most published reports do not describe any sex-related differences in broiler p. major functional properties or color. However, we observed significant sex differences in meat quality in the present experiment. The p. major samples from females had higher lightness values at deboning (P < 0.0001) and 24 h PM (P < 0.0001), lower pH u (P < 0.0001), and higher drip loss (P < 0.0001) compared with males (Tables 2 and 3 ). Interactions were observed between sex and age for cook loss, chroma, and lightness values at deboning and 24 h PM. At 28, 35, and 56 d no sex-related differences were found in cook losses (Figure 1) . However, at 42 d male Table 5 . Interaction between long (120 s) and short (<10 s) shackling duration and age at processing (28, 35, 42, 49, 56 d) a-f Means within a parameter without common superscripts differ significantly (P < 0.05). 1 Chroma = (a 2 + b 2 ) 1/2 . Chroma refers to the brightness or colorfulness of an object (Schanda, 2007) . 2 Carcasses were deboned after chilling to an internal temperature of 4°C as required by hazard analysis and critical control points protocols. The mean time between slaughter and chilling to 4°C increased with age from 3 h 47 min at 28 d to 7 h 52 min at 56 d.
3 Hue angle tan −1 (b/a). Hue angle, as calculated from redness and yellowness values, measures the degree of departure from the true red axis of the CIE color space (Brewer et al., 2006) . samples had higher cook loss than females, whereas at 49 d females had higher cook loss. Because no differences were attributable to sex at most of the ages studied and neither males nor females were consistently higher at 42 and 49 d, commercial significance is likely limited.
Ultimate pH was higher (P < 0.0001) in males compared with females (5.96 vs. 5.87, respectively; Table  3 ). Low ultimate pH (<5.8) is associated with reduced WHC as pH approaches muscle isoelectric point of myofibrillar proteins (Barbut, 1998) . The lower pH observed in the female broilers was approaching the isoelectric point, which may have contributed to the higher (P < 0.0001) drip losses observed in females relative to males (2.34 vs. 1.99%, respectively; Table 3 ). Sex-related differences in pH u and subsequent effects on drip loss and meat color may be the result of differences in muscle glycogen content or different regulatory patterns of PM metabolism (e.g., phospholipase A 2 activity). No differences were observed in tenderness or total protein solubility between the sexes. Sarcoplasmic protein solubility was higher (P = 0.033) in females compared with males (85.5 vs. 84.0 mg/g; Table 3 ), indicating that more sarcoplasmic protein denaturation occurred in males. Although drip loss was higher in females, differences in sarcoplasmic protein solubility are not the major contributors to WHC; myofibrillar protein has a greater influence on WHC than sarcoplasmic protein (Van Laack et al., 2000) . As previously reported, total protein solubility also did not differ between male and female broilers. This suggests that protein solubility is not the main determinant for the lower WHC observed in this study for female broilers; instead, other biochemical mechanisms may be involved. For example, some novel explanations for lower WHC in poultry meat have focused on the study of phospholipase A 2 activity PM (Cheah et al., 1995; Soares et al., 2003) .
Processing Age
Bird age affected all meat quality variables (Table 2 and 3). The interaction between shackling duration and age demonstrated that long shackling decreased pH u at 42 d with no differences at later ages. The pH u at 49 d was higher than at 56 d; pH u at 42 d was not different from that at either 49 or 56 d (5.94 vs. 5.89 and 5.91). Meat lightness increased with age but was also affected by the sex of the bird. Meat redness decreased with age, but this change was affected by handling treatment. The p. major of long-shackled birds was redder (5.10) than that of short-shackled birds (3.87) at 28 d. In a concurrent nutrition study, muscle redness at 36 d was 3.75 (B. L. Schneider, unpublished data). These results are in contrast with those of Smith et al. (2002) , who observed no differences in p. major color as broilers aged from 42 to 52 d. As birds age, breast muscle hypertrophy occurs (Berri et al., 2001; Scheuermann et al., 2004) . As the myofibers become enlarged, capillary density peripheral to the myofiber is reduced as they are marginalized (Hoving-Bolink et al., 2000) . This could contribute to the reduced meat redness.
Drip loss and A-K shear values varied with age, with no directional trends as bird age increased. The lack of a consistent decrease in A-K shear values with age was surprising considering that collagen cross-links and muscle fiber diameter increase with age and are associated with decreased tenderness (Coro et al., 2002; Lepetit, 2008) . The lower cook losses were generally associated with decreased A-K shear values. For example, at 28 d cook losses of 20.47% were observed in conjunction with one of the lowest A-K shear values (4.09 kg/g). This is in agreement with Betti et al. (2009) , who observed decreased tenderness in conjunction with high cook losses. Cook loss increased with age between 28 and 49 d (P = 0.0015), and at 56 d cook loss was the same as at 28 d (Figure 1) .
Total and sarcoplasmic protein solubility tended to increase with age, possibly the result of an increase in overall protein deposition in p. major. The largely inconsistent trends observed attributable to age indicate that factors other than those measured in the present study may have affected meat quality parameters (Bailey, 1985) . Van Laack et al. (2000) suggested that a tighter relationship existed between WHC and myofibrillar proteins rather than sarcoplasmic proteins. Chan et al. (2011) reported that pH u was not associated with changes to the emulsifying and foaming properties of extracted sarcoplasmic or myofibrillar proteins and that protein denaturation could not be used to explain higher drip losses associated with low pH turkey breast.
Correlations of Meat Functional Properties
Breast muscle weight or weight as a percentage of BW did not significantly affect any of the meat quality parameters. Lightness at deboning was strongly correlated to other color measurements; however, the relationship between lightness at deboning and drip loss (r = 0.11; P = 0.023) and cook loss (r = 0.10; P = 0.042) were low compared with previous studies (Barbut, 1997; Woelfel et al., 2002) . Several studies have reported strong correlations between muscle pH and color when categorizing meat samples into pale, normal, or dark categories (Van Laack et al., 2000; Qiao et al., 2002; Barbut et al., 2005) . This may be problematic because it has been suggested that the relationship between pH and meat lightness early PM (1.5 h) is nonlinear . Studies that categorize meat as pale, normal, or dark may not accurately describe the relationships between color, pH, and WHC.
Conclusions
Cool temperatures during the feed withdrawal period resulted in higher pH u , darker meat, lower drip loss, and lower A-K shear values. Increased struggling during the longer shackling time resulted in lower A-K shear values and higher redness values. Although temperature and handling before slaughter affected p. major color and tenderness, the differences may not be large enough to have commercial significance. Sex and age of bird may have a greater influence on functional properties of broiler p. major than previously reported. Further study is required to understand how these differences can be used to benefit the broiler supply chain.
